to be defined by local sequence motifs. Examples include (a) and 3 Department of Biochemistry and Molecular Biology, University of the 'tyrosine corner' (Hemmingsen et al., 1994) , in which a British Columbia, Vancouver, British Columbia, V6T 1W5, Canada tyrosine (in a sequence which includes proline) hydrogen 4 To whom correspondence should be addressed, at the Biotechnology bonds its side chain OH to the backbone NH or CO of a Laboratory preceding residue; (b) type VI turns formed by aromatic amino Analyses of databases derived from the Brookhaven Protein acids flanking proline (Yao et al., 1994a,b); (c) ring motifs Data Bank have identified a set of related turn structures formed by hydrogen bonding of Asn or Gln side chains to formed by the sequence Asx-Pro-Xxx n . In a variety of backbone atoms (Le Questel et al., 1993) ; and (d) the SXXE flanking structural contexts, more than 60% of Asx-Pro 'capping box' in which reciprocal side chain-main chain Hsequences adopt a turn conformation stabilized by a set of bonds (Harper and Rose, 1993) , together with hydrophibic alternative hydrogen bonds among the side chain Oδ and interactions (Seale et al., 1994) , stabilize an α-helix cap. backbone C⍧O carbonyl oxygens of Asx (residue i) and
Introduction of H-bonds required for a turn or helix cap, expected conformaMuch of our understanding of protein structure has derived tions of these residues in combination (Asx-Pro or Ser-Pro) from analyses of databases of known three-dimensional strucshould be few and predictable. Because previous studies have tures [particularly the Brookhaven Protein Data Bank (PDB) not focused on these amino acids in combination and, moreover, (Bernstein et al., 1977) ], such as those of backbone dihedral have generally focused on a single structure class (α-helix, 3 10 -angles (Ramachandran et al., 1963; helix or β-turn), we analyzed several PDB-derived databases Sasisekharan, 1968) , amino acid side chain conformations representative of all protein structure classes to examine (McGregor et al., 1987; Schrauber et al., 1993; Dunbrack and specifically H-bonds formed by these residues in combination. Karplus, 1994) and backbone and side chain hydrogen bonds (Kabsch and Sander, 1983; Ippolito et al., 1990; Stickle et al., Materials and methods 1992; McDonald and Thornton, 1994; Derewenda et al., 1995) .
Molecular databases and datasets From these and other studies, it is clear that some amino acids influence local conformation more than others, proline being Three datasets were used in these studies, each consisting of Brookhaven PDB coordinates for a number of proteins, their an obvious example: its pyrrolidine ring limits both its own φ,ψ conformational space and that of the preceding residue corresponding secondary structure profiles (DSSP profiles) defined by the program DSSP (Kabsch and Sander, 1983 ) (MacArthur and Thornton, 1991) . Amino acids with short polar side chains such as aspartate, asparagine and serine are and additional H-bond information as described later. PDB coordinates were obtained from the Internet archive of the other examples. These, together with proline, occur frequently in β-turns Fasman, 1978, 1979; Wilmot and Brookhaven National Laboratory. Most DSSP profiles were obtained from the Internet archive of the European Molecular Thornton, 1988) and at the N-termini of α-and 3 10 -helices and are strongly associated with certain clusters of backbone Biology Laboratory (EMBL) at Heidelberg, Germany; others were generated in-house. conformations (Presta and Rose, 1988; Richardson and Fig. 2 . Local H-bonds in Asx-Pro-Asx sequences, dataset C: classification of local side chain-backbone and backbone-backbone H-bonds formed in 39 AsxPro-Asx sequences identified in Release 14 of the NRL3D database. Groups A-F correspond to the 51% of (20 of 39) Asx-Pro-Asx sequences that form both side chain-backbone and backbone-backbone H-bonds, summarized in Figure 10 ; groups G-J, to the 23% (9 of 39) that form only backbone-backbone H-bonds; groups K and L, to the 8% (3 of 39) that form only sidechain-backbone H-bonds; and group M, to the 18% (7 of 39) that form no local H-bonds. Superimposed wireframe models of groups A-F are shown in Figure 11A and B and groups G-M in Figure 11C and D. a Position of Asx i in the sequence Asx i -Pro-Asx j . b Underlined residues are within 3 10 -or α-helices. c,d The indicated i←i ϩ 2 (note c) or i←i ϩ 3 (note d) backbone-backbone H-bond does not meet all criteria of WHATIF, but meets criteria of DSSP. e,f The indicated side chain-backbone (note e) or side chain-side chain (note f) H-bond does not meet all criteria of WHATIF, but meets our interatomic distance criterion. Fig. 1 . Local H-bonds in Asx-Pro sequences, dataset A: classification of local side chain-backbone and backbone-backbone H-bonds formed by 79 Asx-Pro sequences identified in the 13 900 residues of dataset A. These Asx-Pro sequences correspond to the bars shown in Figure 3b for Asp-Pro (42 sequences) and Asn-Pro (37 sequences), as well as to Asx-Pro data presented in Figures 4-6. Specifically, groups A-G correspond to the 47% of (37 of 79) Asx-Pro sequences that form both side chain-backbone and backbone-backbone H-bonds, summarized in Figure 4 ; groups H and I, to the 3% (2 of 79) that form only side chain-backbone H-bonds; groups J-N, to the 22% (17 of 79) that form only backbone-backbone H-bonds; and group O, to the 29% (23 of 79) that form no local H-bonds. Also, groups B to G correspond to the 36 Asx-Pro residues that form O δ (i)←CϭO(i ϩ n n ϭ 2 or 3 ) side chain-backbone and CϭO(i)←NH(i ϩ n n ϭ 3 or 4 ) backbone-backbone H-bonds shown in Figures 5 (dataset A) and 6. a Structure codes assigned by DSSP, as follows: G, 3 10 -helix; H, α-helix; S, bend; T, reverse turn; E, β-strand; B, residue hydrogen bonding to a β-strand; -, no secondary structure. b,c,d The indicated i←i ϩ 2 (note b), i←i ϩ 3 (note c) or i←i ϩ 4 (note d) backbone-backbone H-bond does not meet all criteria of WHATIF, but meets criteria of DSSP. e,f The indicated i←i ϩ 2 (note e) or i←i ϩ 3 (note f) side chain-backbone H-bond does not meet all criteria of WHATIF, but meets our O-N distance criterion. Each of datasets A and B was chosen to be broadly Dataset C consists of 39 non-homologous protein fragments containing Asp-Pro-Asn (15 fragments), Asn-Pro-Asn (9 representative of all protein structure classes. Dataset A consists of 80 non-homologous proteins, 77 of which had been refined fragments) and Asn-Pro-Asp (15 fragments). These were identified by searching Release 14 of the NRL3D (Pattabiraman to a resolution ഛ3.0 Å; their Brookhaven codes are as listed in Table 1 in the paper by Adzhubei and Sternberg (1993), et al., 1990) database (from the Internet archive of the National Center for Biotechnology Information) for all occurrences of except that entries 1HMQ and 4FD1 were replaced by more current entries 2HMQ and 5FD1, respectively. Dataset B these tripeptides in proteins refined to better than 3.0 Å resolution. Highly homologous or identical fragments were consists of 102 non-homologous proteins refined to 3.0 Å resolution or better, as described by Boberg et al. (1992) .
eliminated by choosing the entry with the highest resolution or, for multichain proteins, the lowest chain code. Only Brookhaven codes for dataset B (chain designations in parentheses) are: 1ACX, 1BP2, 1CCR, 1CLA, 1CSE(E,I), 1CTF, structures determined by X-ray crystallography were included. and Bissell, 1992) (University of Edinburgh, UK), was used 8DFR, 9PAP and 9WGA(A). Most analyses were performed to view and manipulate three-dimensional models of PDB twice, once for each dataset, in order to assess bias in choice coordinates and to produce the molecular models shown in of dataset. Although there is considerable overlap between
Figures 6, 9, 11 and 12. these datasets (for example, they have 55 proteins in common
Hydrogen bonds and an undetermined number of proteins share at least limited The program DSSP identifies backbone H-bonds using a simple local homology), we expected that the different methods energy model that considers both the distance between oxygen (Boberg et al., 1992; Adzhubei and Sternberg, 1993) used to and nitrogen atoms in backbone CϭO and NH groups and the select the proteins included in each dataset and differences in content would preclude a biased analysis.
deviation from an optimal (for H-bond formation) angle between Table I by allowing comparison-for individual residues or groups of residues-of the fractions of residues at position i that form CϭO(i)←NH(i ϩ n 2 ഛ n ഛ 5 ) backbone H-bonds when position i ϩ 1 is occupied by (a) non-proline or (b) proline residues. Tabular data in (c)-the numerical difference between values presented graphically in (a) and (b)-provide a measure of the 'gain' or 'loss' of local backbone H-bonds when residues, at position i, precede proline versus non-proline residues at position i ϩ 1. A dashed vertical line has been placed arbitrarily at position 40 of the horizontal axis to facilitate comparison of bars in (a) and (b). Certain residues have been grouped to reduce the volume of data with minimal loss of information. The fractions of each of A, V, I, L, P, M and W that form local H-bonds are smaller when these residues precede proline versus non-proline residues; small increases occur in the corresponding fractions for residues C and Y. For residue F, decreases or relatively small increases occur in these fractions in datasets A and B, respectively. a We emphasize that H-bonds formed by side chains are not enumerated in this figure. The column 'Polar atom in side chain' was included to illustrate the idea that, as discussed in the text, there is a correlation between the position of polar atoms in side chains and the formation of backbone-backbone H-bonds.
these groups. Using a relatively low cut-off value of -0.5 kcal/ H-bonds) and the relatively low absolute resolution of most structures suggest that stricter criteria should not be applied, in mol for binding energy (a good H-bond is about -3 kcal/mol), DSSP allows CϭO and NH groups to be misaligned up to 63°particular to the identification of side chain-backbone H-bonds.
(3) We employed the program WHATIF as an independent valat the ideal (2.9 Å) O-N distance and allows O-N distances of up to 5.2 Å for perfect alignment. H-bonds identified by the idation of our mixed criteria. Importantly, most H-bonds identified by DSSP or by our simple distance criterion were also program DSSP were used in the analysis presented in Table I and Figure 3 and for identification of backbone-backbone Hidentified by WHATIF, which considers H-bond geometry; differences have been noted in the detailed analyses presented in bonds in analyses that also included side chain-backbone Hbonds (Figures 1, 2 , 4, 5, 10 and 11). Because DSSP identifies
Figures 1 and 2. (4) For Asx-Pro sequences in dataset A ( Figure  1 ), we compared CϭO(i)←NH(i ϩ n n ϭ 3 or 4 ) backbone H-bonds only backbone H-bonds, we employed a separate criterion to identify side chain-backbone H-bonds: we considered that a identified by DSSP (Figure 1 ) with those identified by our simple length criterion. For 61 of the 79 sequences, the methods agreed; side chain-backbone H-bond existed if the interatomic distance between a side chain donor/acceptor heavy atom (O or N) and a disagreement in 14 of the remaining 18 sequences concerned whether an Asx CϭO(i) group formed H-bonds with both versus backbone acceptor/donor heavy atom was ഛ3.5 Å.
This mixture of criteria appears to have been adequate and only one of NH(i ϩ 3) andNH(i ϩ 4). Importantly, discrepancies between the two methods would not have affected our overall seems warranted by five considerations. (1) H-bond geometry is variable (McGregor et al., 1987; Ippolito et al., 1990 ; Jeffrey identification of 36 Asx-Pro sequences as 'Asx-Pro turns'. (5) Perhaps most importantly, superimposed wireframe models of and Saenger, 1991; Stickle et al., 1992) . (2) Possible biases in protein crystal structure refinement procedures (e.g. more structures that we identified as 'Asx-Pro turns' (Figures 6 and 11) strongly suggest that our criteria were reasonable. accurate location of backbone versus side chain atoms (Richardson, 1981) , stricter constraints for covalent versus Nitrogen and oxygen atoms cannot commonly be distinguished by protein X-ray crystallography techniques and structure is apparent: they account for 39.6% (41.2%, dataset B) of all (local and non-local) backbone H-bonds. The importance assignment of these two atoms is usually judged on the basis of hydrogen bonding. Considering this and that McDonald and of local H-bonds is similarly evident: 63.5% (64.7%, dataset B) of backbone H-bonds are local, a finding consistent with a survey Thornton (1995) have found that 15% of Asn side chains would be more favorably oriented for hydrogen bonding if the nitrogen by Stickle et al. (1992) . In contrast, residues preceding proline favor i←i ϩ 3 over and oxygen designations were reversed, we believe our estimates of H-bonds involving Asn side chains are conservative.
other local backbone H-bonds (Table IB) : the 21.1% (20.0%, dataset B) of residues forming i←i ϩ 3 H-bonds is 1.5-fold greater than the 14.2% (15.0%, dataset B) forming i←i ϩ 4 Results H-bonds. Many elements of secondary structure can be defined by their These findings hold true for individual residues: for each of hydrogen bonding patterns. Thus the DSSP (Kabsch and Sander, glycine, nine polar residues and for groupings of other residues, 1983) algorithm defines turns and helices in terms of local Hi←i ϩ 4 backbone H-bonds predominate over i←i ϩ 3 H-bonds bonds between backbone CϭO and NH groups of residues i and by a factor of 2.1:1 (Ser) to 5.3:1 (Arg) when these residues i ϩ n (3 ഛ n ഛ 5), respectively. A single such i←i ϩ n H-bond precede a non-proline (Figure 3a) . Similarly, for most residues defines a turn (n-turn) while repeating turns define 3 10 -, α-and (Glu being a notable exception), i←i ϩ 3 H-bonds predominate π-helices as a series of 3-, 4-and 5-turns. This definition allows over i←i ϩ 4 H-bonds by factors as high as 2.2:1 (Asp), 3:1 (Arg) that statistical analyses of differences between local H-bonds and 4:1 (Lys) when these residues precede proline ( Figure 3b ). formed by residues preceding a proline versus a non-proline can provide convenient and appropriate measures of proline's Short polar side chains in residues preceding proline favor influence on local structure. We performed such an analysis i←i ϩ 3 H-bonds for two independently selected sets of proteins, datasets A (80
The effect of proline in favoring i←i ϩ 3 backbone H-bonds proteins) and B (102 proteins), each broadly representative (Bobis most pronounced for residues with short polar side chains erg et al., 1992; Adzhubei and Sternberg, 1993) of all protein and for glycine (Figure 3b and c) . Thus, the fractions of serine, structural classes. To avoid hidden bias, we employed two datathreonine, aspartate, asparagine, histidine and (anomalously) sets; since the separate analyses yielded similar results, we have glycine forming i←i ϩ 3 H-bonds increase by 14.6 (Thr) to made only parenthetical reference to our results for database B.
36.1% (Asp) (dataset A; Figure 3c ) when preceding proline
Residues not preceding proline favor i←i ϩ 4 H-bonds;
versus non-proline, while the fractions forming i←i ϩ 4 Hproline favors i←i ϩ 3 H-bonds bonds are reduced by only 0.9 (Thr) to 4.7% (His). Overall 'gains' for local H-bonds are greatest for aspartate and When averaged across all amino acids, residues preceding a nonasparagine: 73.8 and 62.2%, respectively, of these residues proline favor i←i ϩ 4 over other local (i←i ϩ n nϭ2,3,5 ) backbone form i←i ϩ n 2 ഛ n ഛ 5 H-bonds when preceding proline (dataset H-bonds. Thus, the 23.4% (25.0%, dataset B) of residues forming A, Figure 3b) . i←i ϩ 4 H-bonds is 2.9-fold greater than the 8.2% (8.3%, dataset
In contrast, residues with polar atoms more distant from the B) forming i←i ϩ 3 H-bonds, the next favored conformation ( Table Ia) . The importance of i←i ϩ 4 H-bonds to protein α-carbon tend to score only modest gains in those fractions forming i←i ϩ 3 backbone H-bonds and to score 'losses' of proline, we extended our analysis to include potentially turni←i ϩ 4 H-bonds. For example, the fraction of glutamine stabilizing i←i ϩ n 2 ഛ n ഛ 5 H-bonds from the polar side chains residues forming i←i ϩ 3 H-bonds increases only 5.8% when of these residues to the peptide backbone. Significantly, we glutamine precedes proline versus non-proline, while the found that Asx-Pro sequences have a greater tendency to form fractions of glutamate, glutamine, arginine and lysine forming combined side chain-backbone and backbone-backbone Hi←i ϩ 4 H-bonds decrease 8.8-27.3% when these residues bonds than do Ser-Pro and His-Pro sequences (Figure 4 ). precede proline versus non-proline (dataset A, Figure 3c) . A Thus, 68% (64%, dataset B) of Asx-Pro peptides form similar trend occurs with other residues (A, V, I, L, P, M, F CϭO(i)←NH(i ϩ n 2 ഛ n ഛ 5 ) backbone H-bonds, 49% (52%, and W in one-letter code; detailed data not shown; see Figure  dataset B) form O δ (i)←NH(i ϩ n n ϭ 2,3 ) side chain-backbone 3 for summary data). Moreover, the total number of local H-bonds and 47% (46%, dataset B) form these H-bonds in H-bonds for this heterogeneous group of residues is smaller combination. In contrast and although 61% (55%, dataset B) when these residues precede proline versus non-proline. Small of Ser-Pro peptides form CϭO(i)←NH(i ϩ n 2 ഛ n ഛ 5 ) backbone increases in local H-bonds occur for cysteine and tyrosine H-bonds, only 15% (18%, dataset B) form both side chain-(data not shown (McGregor et al., 1987) , in order to confirm that Asx-Pro turn geometry is not unusual. Indeed, backbone φ,ψ pairs for Asx residues in Asx-Pro turns fall within common (Schulz and Schirmer, 1979; Richardson, 1981; MacArthur and Thornton, 1991) areas of conformational space (Figure 7 ). In addition, most Asx-Pro turns adopt Asx χ 1 angles (Figure 8 ) corresponding to one (the t conformation) of two common conformations observed for aspartate and asparagine side chains (McGregor et al., 1987) and all possess Asx χ 1 angles consistent with side chain conformations observed (Dunbrack and Karplus, 1994) for the φ,ψ β-conformation adopted by Asx in these turns. A further feature of Asx-Pro turn geometry is noteworthy: although these turns commonly function as helix caps, stabilizing helices in the C-terminal direction, they are helix-terminat- most of an immunodominant region of the Plasmodium falciparum circumsporozoite protein. The structure of these repeats has been the focus of several studies, including two that form a combination of complementary (and diverse) side predicted minimum-energy conformations of these repeats chain-backbone and backbone-backbone H-bonds. (Gibson and Scheraga, 1986; Brooks et al., 1987) . However, Similar structures are formed by a variety of Asx-Pro Hneither of these predicted conformations is consistent with bond conformations NMR studies ) that identified a limited set The 47% of Asx-Pro sequences (46%, dataset B) that form of H-bonds possible in NPNA-containing peptides. Specifically, complementary side chain-backbone and backbone-backbone these NMR studies allowed that H-bonds could form among H-bonds represents 37 of the 79 Asx-Pro sequences of dataset the side chain O δ of Asn(i), backbone CϭO of residues i -1 A (56 of 121, dataset B). Importantly, 36 of these 37 sequences and i and backbone NH groups of residues i ϩ 2 and i ϩ 3. (55 of 56, dataset B), form turn structures stabilized by a limited Later studies additionally allowed set of H-bonds among the side chain O δ and backbone CϭO that H-bond(s) could form between the side chains of asparagcarbonyl oxygens of Asx(i) and the backbone NH of residues ine residues flanking proline. i ϩ 2, i ϩ 3 and i ϩ 4 ( Figure 5) . The most common H-bonds, Anticipating that a consensus structure derived from the individually and in combination, are O δ (i)←NH(i ϩ 2) and PDB would accord with these NMR findings and more precisely CϭO(i)←NH(i ϩ 3). Significantly, the eight hydrogen-bonding describe possible hydrogen bonding patterns within NPNA patterns adopted by Asx-Pro peptides ( Figure 5 ) form virtually repeats, we surveyed the PDB for structures formed by Asxindistinguishable structures (Figure 6 ), suggesting that they form Pro-Asx. To allow for Asx-Asx side chain-side chain Ha canonical structure stabilized by alternative hydrogen bonding bonds, we restricted our study to sequences where both Asx patterns. For want of a better name, we call this canonical residues were not aspartate. Not unexpectedly, the results structure an 'Asx-Pro turn'.
( Figure 10 ) are similar to our Asx-Pro findings: 51% (20 of Asx-Pro turns have diverse roles 39) of Asx-Pro-Asx sequences form H-bonds among side chain O δ (i), backbone CϭO(i) and backbone NH(i ϩ Although most Asx-Pro turns function as 3 10 -or α-helix caps ( Figure 5 , tabular data), more than one fifth of these structures n 2 ഛ n ഛ 4 ) groups (Figure 10 ). The most common or 'consensus' H-bonds are O δ (i)←NH(i ϩ 2) and CϭO(i)←NH(i ϩ 3). function as β-turns. We found no clear association between the eight hydrogen bonding patterns ( Figure 5 ) and their roles Importantly, geometries adopted by Asx-Pro-Asx turns are strikingly similar (Figure 11 ). as helix caps or as β-turns. We also found no clear association of Asx-Pro turns with flanking structural environments. AsxAlthough we found only four sequences in which AsxAsx side chain-side chain H-bonds were formed, it may be Pro turns are, for example, found between β-strand and helix structures (see Figure 1B Contour plots reflect all Xxx-Pro-Xxx sequences of dataset A other than Asx-Pro-Xxx; in each plot, the outermost contour line of each separate area reflects a common low density. Contour plots illustrate the general restriction to β-conformational space of residues preceding prolines (A), the narrow range of φ angles adopted by prolines (B) and the restriction of residues generally (whether following proline or not) to α-, β-and (in some cases) to α L -conformational space (C); they reasonably reflect detailed experimental and theoretical plots of permitted φ,ψ angles (Schulz and Schirmer, 1979; Richardson, 1981; MacArthur and Thornton, 1991) .
12A and B) include the two 'consensus' H-bonds described above. That these H-bonds are consistent with NMR and related ) studies of NPNA-containing peptides suggests that this structure ( Figure  12A and B) can serve as a consensus-derived partial model for a minimum energy conformation of NPNA.
The proportion of turns versus non-turns increases with structure resolution
We included structures with relatively low resolution (up to 3 Å) in this study in order to analyze a reasonably large dataset: at this low resolution, we identified a significant number of 63% form turns in structures resolved to ഛ1.8 Å (Figure 13) . Similarly, 51% of Asx-Pro-Asx sequences form Asx-Pro turns in structures resolved to Ͻ3.0 Å, but 73% form turns in structures resolved to ഛ1.8 Å (Figure 13 ).
Discussion
We have shown that, in contrast to a relatively more diverse assortment of conformations adopted by other Xxx-Pro sequences (including those where Xxx ϭ Ser or His), 63% or more of Asx-Pro sequences and 73% or more of Asx i -ProAsx j (where Asx i Asx j ) sequences, in a variety of flanking structural contexts, adopt strikingly similar conformations. Their common feature is a canonical turn geometry stabilized by a set of alternative H-bonds among the side chain O δ and backbone CϭO of Asx (residue i) and backbone NH groups of residues i ϩ 2, i ϩ 3 and i ϩ 4. We also found that a consensus structure reflecting these hydrogen bonds can serve as a reliable, partial model for NPNA-containing peptides derived from the P.falciparum circumsporozoite protein, for it agrees with published experimental findings Satterthwait et al., 1990) . That a majority of Asx-Pro sequences form these turn residues. These views, rotated 90°relative to one another, are of six 3 10 -structures is not surprising. Anecdotal experience, combined and six α-helix caps among 36 Asx-Pro turns (dataset A) that adopt three with studies of turn-forming propensities of these residues different hydrogen bonding patterns. X 1 , residue immediately preceding considered separately, dictate that they 'must' form turns. helix cap. B 2 , Asx, helix capping position. P 3 , Pro, first helix position. X 4 -X 6 , residues in first helix turn.
Indeed, the molecular geometry of an Asx-Pro turn makes molecular geometry adopted by the three Asn-Pro-Asn sequences identified shows, per 100 residues, the number of Asx-Pro-Asx sequences identified in dataset C are striking similar. A and B, PDB entry 1GAL, residues 41-in dataset C that form (i) local side chain-backbone and backbone-43; C and D, 1NDK, 150-152; E and F, 3ICD, 268-270 (Figure 2) . In backbone H-bonds in combination, (ii) side chain-backbone H-bonds only, views A, C and E proline N-C α and C α -C bonds lie in the plane of the (iii) backbone-backbone H-bonds only or (iv) no local H-bonds. (B) paper. A 90°rotation of these models around the X-axis (away from the provides a summary of H-bonds formed by the 51% of (20 of 39) Asx-Proviewer) yields views B, D and F, respectively. H-bonds in views A and B Asx sequences that form Asx-Pro turns. Numbers in parentheses indicate are consistent with those allowed by NMR ) and related the number of H-bonds formed among the 3 Asn-Pro-Asn, 11 Asp-Pro- ) studies of peptides containing Asn-Pro-Asn-Ala Asn and 6 Asn-Pro-Asp sequences.
repeats.
almost intuitive sense and would seem to reflect simple turns and helix caps in proteins. In an accompanying paper molecular modelling concepts such as (a) proline-induced and (Wilson et al., 1996) we provide further experimental support more general steric constraints that limit backbone and side for this idea and illustrate the application of these findings to chain combinations to a small number of preferred choices the expression of shaped, 'Asx-Pro turn'-containing peptides and (b) those characteristics of asparagine and aspartate side on the surface of filamentous bacteriophage. chains (highly polar O δ atoms, side chain length and geometry) that make these residues uniquely suited to forming turn
